In the present study, the effects of transition metals on structural, electronic, elastic, optical and thermodynamic properties of M 2 BC (M = V, Nb, Mo and Ta) have been investigated using the density functional theory based first-principles method. The electronic band structures along with (such as dielectric constants, refractive index, photo-conductivity, absorption, loss function and reflectivity) are calculated and discussed using established formalism. The amount of reflectivity is always more than 50% with no significant change in the near infrared, visible and near ultraviolet region (upto ~ 6 eV), this result makes the compounds promising coating materials to diminish solar heating.
Introduction
Many ceramic materials like TiAlN, TiN, Al 2 O 3 , c-BN, Ti 0.5 Al 0.5 N, Ti 0.25 Al 0.75 N and Cr 0.5 Al 0.5 N are usually used for surface coating on tools, dies, and many mechanical parts due to their interesting properties such as high hardness, stiffness, and chemical stability to enhance their lifetime and performance [1] [2] [3] [4] [5] . Hard and wear-resistant coating materials as ceramics often develop cracks and subsequently their propagation; thereby the tool lifetime and performance are diminished. In order to reduce crack initiation and growth, it would be reasonable to investigate new materials which render high stiffness with moderate ductility. Intrinsic ductility of the materials usually depends on the ratio of the bulk and shear modulus and a positive Cauchy pressure value [6] . Nanolaminates compounds so called MAX phases (M: transition metal; A: group 13-15 A element; X: C or N) exhibit unusual properties like low density, high elastic stiffness, refractory and resistant to high-temperature oxidation [7] . The Mo 2 BC belongs to orthorhombic structure with space group Cmcm and is also known as nanolaminated since it is composed of nanolayers. This structure can be explained as a combination of boride and carbide sub-cell. The B atom forming zigzag chains, is located in the Mo 6 B trigonal prisms and the C atoms are at Mo 6 C octrahedral site [8, 9] .
The nanolaminate Mo 2 BC was successfully synthesized as a thin film using magnetron sputtering at substrate temperature 900̊ C and showed high stiffness, moderate ductility and chemical stability even at higher temperatures [2] . The superconducting properties of the Mo 2- x M x BC boro-carbides (M = Zr, Nb, Rh, Hf, Ta, W) were also reported. Single crystals of pure Mo 2 BC of nearly 10 mm long and 3 mm in diameter were grown by a Czochralski method [9] .
Due to the promising prospect of industrial applications, a systematic theoretical investigation was required on the Mo 2 BC to identify the new materials which show the aforementioned properties. To do this, the substitutional effects of Mo atom by other transition metals such as Ti, V, Zr, Nb, Hf, Ta and W were studied using ab-initio calculations. The stability of all the compounds has been reported by the calculation of formation energy as well as single crystal elastic constants (mechanical stability) [6] .Limited number of experimental and theoretical studies only focused on the structural forms and mechanical properties of M 2 BC (M = Mo, Ti, V, Zr, Nb, Hf, Ta and W) [2, 6, [10] [11] [12] . As far as electronic properties are concerned, only the energy density of states (DOS) and charge density of Mo 2 BC and Zr 2 BC were studied [2, 6] . To the best of our knowledge, still many important physical properties such as Fermi surface topology, optical constants, Vickers hardness, Mulliken population analysis, charge density distribution, and thermodynamic properties are yet to be investigated. This provides us with a strong motivation to study the theoretical properties of M 2 BC in detail in this paper. It is expected that the Mo 2 BC compound and their counterparts could show more desirable properties in some cases, compared to the widely studied MAX phase compounds.
The optical properties are of great importance in giving insight into the fundamental electronic properties and potential optoelectronic applications. The hardness of a material as well as charge density are very important for application point of view that can be understood by the analysis of Mulliken population. It is also well known that the study of thermodynamic properties such as Debye temperature, specific heats, thermal expansion coefficient etc. are extremely important in solid state science and various industrial applications because these properties reveal particular behavior under high temperature and pressure conditions. Mechanical, thermoelectric and optical properties are closely related to the electronic properties of a material. Minor variations in the electronic structure may cause strong changes in these properties [13] .
In the present study, we will pay attention to the theoretical results of electronic, optical, analysis of Mullikin population, theoretical Vicker hardness and thermodynamic properties along with Fermi surface and charge density of isostructural M 2 BC (M = V, Nb, Mo and Ta) for the first time in order to understand these compounds further. In addition, DOS and elastic properties will also be discussed in order to provide some additional information on these compounds for their effective use in device applications.
Computational methods
Density functional theory (DFT) calculations, in which the ground state of the system is found by solving the Kohn-Sham equation [14] are performed within generalized gradient approximation (GGA) for electron exchange correlation, using the CAmbridge Serial Total Energy Package (CASTEP) [15] . The wave functions are expanded with plane waves, and ultrasoft pseudopotential is used to reduce the number of plane waves [16, 17] . The cut-off energy for the plane wave expansion is 500 eV for all the compounds. The GGA is used for the exchange-correlation term, and the functional form is of Perdew-Burke-Ernzerhof (PBE) type [18] . Density mixing is used to the electronic structure and Broyden Fletcher Goldfarb Shanno (BFGS) geometry optimization is used to optimize the atomic configuration [19] . Periodic boundary conditions are used to calculate the total energies of each cell. k-point sampling for these compounds is carried out at 8×2×8 special points in a Monkhorst-pack grid [20] . Geometry optimization is performed using convergence thresholds of 5 × 10 -6 eV atom -1 for the total energy, 0.01 eV Å -1 for the maximum force, 0.02 GPa for maximum stress and 5 × 10 -4 Å for maximum displacement.
Elastic constants were calculated by the 'stress-strain' method within the CASTEP program. The bulk modulus, B and shear modulus, G were obtained from the calculated elastic constants, C ij .
The Vickers hardenss (Hν) was calculated by using the Mullikin population analysis.
Results and Discussion

Structural properties
As the first step, the equilibrium lattice parameters for M 2 BC (M = Mo, V, Nb and Ta) compounds were obtained by optimizing the unit cell as a function of energy of the unit cell.
The Wyckoff positions of the atoms are as follows: M(1) and M(2) atoms are located at (0, B 2s  2 2p  1 , C 2s  2 2p  2 and Mo 4d  5 5s  1 converged in 17, 19, and 22 iterations to a total energy of -70.4147, -145.6544 and -209.9349 eV, respectively. The crystal structures of these compounds are orthorhombic in which the unit cell contains four formula units. The calculated and experimental values of lattice constants of these compounds are summarized in Table 1 .The calculated lattice parameters for the compounds are well justified with other theoretical and experimental data as the discrepancies in these parameters were less than 1%. 
Electronic properties
The electronic properties of a compound can be obtained from the band structure, partial density of states (PDOS) and total density of state (TDOS) which are also closely related to charge density distribution and the Fermi surface. Moreover, these properties are very convenient to elucidate bonding nature and other relevant properties of materials. The results of band structure calculations, for the first time, along the highly symmetric directions within the K-space for Therefore, all the compounds herein must exhibit metallic conductivity. In addition, we see nearly flat and broader bands along Y˗S direction in the vicinity of E F for all compounds which is an indication of large DOS value. Importantly, the overall band profiles of the calculated compounds in the present research are nearly analogous to those noticed in previous articles [2, 6, [22] [23] [24] [25] [26] .
To estimate contributions of different orbitals/atoms and nature of chemical bonding in M 2 BC (M = V, Nb, Mo and Ta) compounds, TDOS and PDOS are calculated and is depicted in Fig.  3 (a)-(b) and 4(c)-(d), respectively. The sharp peak of the DOS at the E F is a symbol of structural instability, whereas a deep and broad valley of DOS might be responsible for the structural stability. Therefore, the overall DOS profile of these compounds reveals structural stability. However, Figs. 3 and 4 show a strong hybridization among the B-2p, C-2p and V-3d/ Nb-4d/Mo4d/ Ta-5d orbitals for the compounds. It is observed that the TDOS around the E F arises mostly from V-3d (V 2 BC), Nb-4d (Nb 2 BC), Mo-4d (Mo 2 BC) and Ta-5d (Ta 2 BC) orbitals with a small contributions of B-2p and C-2p. Therefore, electronic charge should transfer from 3d (V 2 BC)), 
Charge density and Fermi surface
The charge density distribution in (110) planes of M 2 BC (M = V, Nb, Mo and Ta) compounds has been studied to make sense of the bonding properties as illustrated in Fig. 5 . An atom of high electronegativity always pulls the electron density towards itself [27] . It is noteworthy that strong accumulation of electronic charges around C and V/Nb/Mo/Ta is greater than those around B and V/Nb/Mo/Ta due to the large variation in electronagitivity between these two atoms. Therefore, the directional V/Nb/Mo/Ta-C bond is more covalent in nature than the V/Nb/Mo/Ta-B bond. Strong hybridization between V/Nb/Mo/Ta(d) state and B/C(p) state at the E F is mainly responsible for making this bond. In addition, the non-directional characteristics of the bonding (metallic bonding) between V-V, Nb-Nb or Ta-Ta transition metals could be formed. These results are also consistent with our Mulliken atomic population analysis (Table 5) opposite directions. The Fermi surfaces of these four compounds are formed mainly by the lowdispersive 4d/5p and 2p orbitals, which should be mainly responsible for the electrical conductivity of these compounds.
Mechanical properties
Interests in mechanical properties of solids have been intensified because they create various opportunities for industrial applications. Many properties of the materials such as interatomic potentials, melting points, equation of states, phonon spectra etc also depend on the mechanical properties.
Elastic constants
To know the structural stability of the material, anisotropic nature of the bonding and bonding characteristic between adjacent atomic planes, the study of single crystal elastic constants are required. For the orthorhombic crystal structure, there are nine independent elastic constants. These are referred as C 11 Our calculated elastics constants C ij for all the compounds ( A high positive value of CP signifies the increased ductile behavior of the compound. As shown in Table 2 , the V 2 BC shows a negative value of CP. On the other hand, highest positive value of CP is obtained for the Mo 2 BC, while lower but positive values are found for the Nb 2 BC, and Ta 2 BC compound, disclosing the degree of ductile behavior. The negative value of CP in the V 2 BC compound suggests that the directional covalent bonding is dominating whereas metallic bonding, govern in the Nb 2 BC, Mo 2 BC and Ta 2 BC compounds due to the positive CP.
Polycrystalline elastic moduli
The bulk modulus, B, shear modulus, G, Young's modulus, Y, Pugh ratio, B/G, and Poisson ratio, ν for M 2 BC (M = V, Nb, Mo and Ta) are calculated from single crystal elastic constants and summarized in Table 3 .The data for TiN, TiAlN,Ti 0.5 Al 0.5 N,Cr 0.5 Al 0.5 N and c-BN was listed in Table 3 Pugh [35] proposed a famous modulus ratio between G and B, known as Pugh's ratio which separates the failure mode (ductile and brittleness) of a materials. The Poisson's ratio (υ) is also an indicator to separate between brittle and ductile materials [36] . If the value of B/G and υ is larger (smaller) than 1.75 and 0.26 for a material then it is said to be brittle (ductile), respectively [28] . According to these criteria, V 2 BC and Nb 2 BC are brittle in nature. It may be noted that the Mo 2 BC and Ta 2 BC compounds are observed not so far from the brittle-ductile transition line.
The value of CP and B/G ( Table 2 and 3) reveals these two materials, therefore, may be considered as moderately ductile material compared to other typical hard coating materials summarized in Table 3 . Furthermore, the value of υ also assists to predict the bonding nature in the material. The value of v is typically 0.10 for covalent bonding while it is 0.33 for metallic bonding in materials [37] . The Poisson's ratio of these compounds lies between two characteristic values. Therefore, the chemical bonding should be a mixture of ionic and metallic in nature. Also, the Poisson's ratio gives more information regarding the character of the bonding forces than any of the other elastic coefficients. As the reported range of v for central-force solids is 0.25−0.50, otherwise it is non-central force solid [38] , thus, the value of v for Mo 2 BC and Ta 2 BC compounds suggests that the central inter-atomic forces are involved whereas for V 2 BC and Nb 2 BC indicates non-central force in these solids.
Structural anisotropy
Most of the known crystals are usually elastically anisotropic. The study of elastic anisotropy of a material is a matter of deep interest both in crystal physics and industrial fields as anisotropy induces many mechanical-physical properties including unusual phonon modes, precipitation, internal friction, phase transformations, dislocation dynamics etc.
For an orthorhombic system, the elastic anisotropy can be calculated in different modes and the relevant formulae can be found elsewhere [28, [39] [40] [41] [42] . The calculated anisotropic factors are listed in Table 4 . It is observed that the compounds considered here are anisotropic in nature, because the value A i = 1,where i = 1, 2 and 3 represents complete elastic isotropy, while values smaller or greater than 1 measure the degree of elastic anisotropy. The value of bulk modulus (in GPa are equal to zero, the material is completely isotropic and the deviation from zero defines the extent of anisotropy associated with crystals. It is interesting to note that the level of anisotropy is much higher in shear than in compressibility for the compounds considered here. From the data shown in Table 4 , it can be concluded that the studied compounds are mechanically anisotropic in nature.
Mulliken population and Vicker hardness
Hardness of a polycrystalline material can be defined as the resistance offered by a given material to external mechanical action and is of utmost interest to enhance the knowledge about a material in the heavy duty industrial applications. Using first principles technique, Mulliken population analysis helps us to explain the distribution of electron density in various bonds. The study of overlap population gives quantitative figures which can be taken as measures of bonding and anti-bonding strengths. If the value of total overlap population for the nearest neighbors in the crystal is positive, they are bonded; however, if negative, they are anti-bonded. The value of overlap population is close to zero means no significant interaction between the electronic populations of the two atoms and can be ignored to calculate the hardness of the material. A high overlap can also indicate a high degree of covalency in the bond. The Mulliken charge of a particular atomic species and the overlap population between two atoms can be calculated by established formulae [40, 43, 44] . The effective valence charge (EVC) is defined as the difference between the formal ionic charge and the Mulliken charge on the anion species in the crystal. The nature of the chemical bonding in a material can be identified from this charge. A zero value of EVC indicates an ideal ionic bond while the values of EVC greater than zero suggest increasing levels of covalency. Table 5 shows Mulliken atomic and bond overlap population for nearest neighbors of M 2 BC (M = V, Nb, Mo and Ta) compounds. It is seen that there is no bonding between C-C atoms as the value of bond overlap population is negative. A bond between C-V/Nb/Mo/Ta indicates the highest degree of covalency compared to B-V/Nb/Mo/Ta. Also, the B-B bond in the compounds under study shows the maximum degree of covalency. The analysis of atomic populations also helps us to understand the charge transfer mechanism from one atom to another. It is realized that in V 2 BC compound the transfer of charge from V to C and B is 0.62 and 0.56e, respectively. Similar charge transfer mechanism can also be realized from other compounds under investigation.
Understanding the hardness of any materials is very important for practical device applications. The correlation between elastic polycrystalline module and hardness provide a deep understanding for the mechanical behavior. Gou et al. [45] found a correct relation to calculate the Vickers hardness for metallic compounds. The hardness of a multiband material can be calculated from the geometrical average of all individual bond hardness by the following relation [40, 46] :
,where n  refers the number of bond of type  composing the real multiband crystals.
The hardness and Mulliken bond overlap population of M 2 BC (M = V, Nb, Mo and Ta) compounds are listed in Table 6 . 
Optical properties
Different optical functions such as photo-conductivity, absorption, reflectivity, loss function, refractive index and dielectric function of the materials are thoroughly discussed in this section. The interaction of a photon with the electrons in the system is described in terms of time dependent perturbations of the ground state electronic states. Transitions between occupied and unoccupied states are caused by the electric field of the photon. Therefore, the study of the optical properties is very useful to examine the electronic character of that material. The optical properties are usually calculated from the complex dielectric function, where ε 1 is the real part of dielectric function derived from the Kramer-Kronig relations and ε 2 is the imaginary part of the dielectric function which is computed from the momentum matrix elements between the occupied and unoccupied wave functions. The equations for calculations of different optical functions can be found elsewhere [47, 48] .
A smearing value of 0.5 eV is used to specify Gaussian broadening to be applied for calculating the optical functions of the compounds. The Drude plasma frequency of 3 eV and damping factor of 0.05 eV are included due to the metallic crystal structure which is confirmed from the band structure calculations (Fig. 2) .
The real part ε 1 of dielectric function for the V 2 BC, Nb 2 BC, Mo 2 BC and Ta 2 BC compounds are shown in Fig. 7(a) .The intraband contribution to the optical properties plays an important role and affects mainly the low energy infrared part of the spectra [49] . All peaks around less than 1 eV are assigned due to intraband electronic transitions of the bands. The large negative values of ε 1 indicate that the materials have a drude-like behavior whereas at higher energies the interband transitions occur giving rise to optical features. The spectra exhibit different optical feature in the energy ranges 1-5 eV and at higher energies, almost similar features are observed. The imaginary part ε 2 of the dielectric function are depicted in Fig. 7(b) . It is observed that the values of ε 2 go through zero from above at around 9 eV. This is a further indication of metallic behavior of the compounds. The refractive indexes and the extinction coefficient of the compounds are presented in Fig.8 (a) and (b) The values of static refractive index, n(0) of the V 2 BC, Nb 2 BC, Mo 2 BC and Ta 2 BC are found to be 2.1, 2.5, 1.9 and 0.8, and the main peaks are at around 1, 1.2, 3 and 1.5 eV photon energy, respectively. All these peaks approach zero at the ranges around ~ 14-15 eV photon energy. The extinction coefficient k spectra of the compounds exhibit almost similar feature and go through zero from above at around 9 eV. Fig. 9 (a) exhibits the absorption coefficients. The absorption coefficient indicates the fraction of energy lost by the light wave when it penetrates through the material. Some distinct features of absorption spectra are clearly visualized although for the compounds, these spectra almost follow the same route. The absorption spectra rise sharply and then achieve maximum peak. Finally these spectra decrease vigorously with some intermediate peaks in the region of 12-13 eV. The highest absorption spectra (HAS) for Mo 2 BC compound is found at 7.5 eV while for V 2 BC, Nb 2 BC and Ta 2 BC compounds, the HAS are at 5.8, 7.2 and 7.8 eV, respectively. This result indicates that when the Mo of Mo 2 BC is replaced by V, Nb and Ta, the HAS peaks are gradually shifted with photon energy. In metallic compounds, the absorption spectra start when the photon energy is zero as shown in Fig. 9 (a). 9(b) shows the calculated real part of the photo-conductivity for different materials as a function of incident photon energy. Photo-conductivity shows metallic character [50] [51] [52] . Optical conductivity spectra clearly exhibit different maxima for the studied compounds. The Mo 2 BC is the highly photo-conductive when the incident photon energy is around 2 eV. The highest peaks (maximum value of the conductivity) on the spectra are gradually shifted (except for Ta 2 BC) with increasing incident photon energy. The maximum values are found at 1.5, 4.8 and 4.0 eV photon energies for the V 2 BC, Nb 2 BC and Ta 2 BC compounds, respectively. With further increase of photon energy, photo-conductivity gradually decreases and finally goes to zero at around 9-10 eV.
Another important property that can be calculated from the complex dielectric constant is the energy loss function as shown in Fig. 10(a) . It describes the energy loss by an electron passing through a material. There is no loss spectrum for any compounds in the region up to the photon energy of 10 eV. A loss feature is observed in the range of 10 -16 eV. In these energy ranges the peaks of the energy loss spectrum could be very large while the value of ε 2 < 1 and ε 1 = 0. This large peak is associated with the so called bulk plasma frequency of the material. The bulk plasma frequencies of V 2 BC, Nb 2 BC, Ta 2 BC and Mo 2 BC compounds are found to be 13.7, 14.5, 15 and 15.6 eV, respectively, which will indicate to the rapid diminish of the reflectivity as shown in Fig.10(b) . After this frequency, the energy loss spectra could not exhibit any distinct maxima as ε 2 approaches to zero. The reflectivity spectra as a function of photon energy are depicted in Fig. 10(b) . It is seen from Fig.10 (c) that the reflectivity spectra have no significant change in the near infrared, visible light and near ultraviolet region (upto ~ 6 eV). In this energy range, the values of reflectivity spectra of the V 2 BC, Nb 2 BC and Mo 2 BC compounds are always higher than that of Ta 2 BC. Solar heating will be reduced if a material has reflectivity around 44% in the visible light region as reported by Li et al. [53] . The reflectivity never drops below 50%, which is an indication that these materials could be used as a promising coating material to reduce solar heating. It is noted here that the value of reflectivity spectra of the compounds under investigation are higher than that of some of the MAX compounds [29, 46, 54, 55] . Some sharp peaks of reflectivity spectra are found in the energy range 9-11 eV and 14-16 eV and finally reflectivity approaches zero around 20 eV. In other words, the highest values (95-97%) of the reflectivity spectra are found in the ultraviolet region. (Do not use the term 'so called MAX compounds')
Debye temperature, thermal conductivity and Grüneisen parameter
Debye characteristic temperature, Θ D , a fundamental key parameter of solids, plays an important role on melting temperature, specific heats, thermal expansion, lattice vibration and thermal conductivity. The low and high temperature region for a solid can be usually distinguished by the study of Θ D . Debye temperature can be calculated from knowledge of elastic constants via the calculation of average sound velocity using the following equation [56] :
m , where M is the molar mass, n is the number of atoms in the molecules, and ρ is the mass density ; h is the Plank's constant, k B is the Boltzmann constant, N A is the Avogadro's number and v m is the average sound velocity. The v m can be determined from the longitudinal (v l ) and transverse (v t ) sound velocities in an isotropic material using the following expression:
The v l and v t can be expressed in terms of polycrystalline bulk modulus, B and shear modulus, G from the relation derived by Voigt and Reuss, by the relations:
The calculated Θ D of M 2 BC (M = V, Nb, Mo and Ta) compounds are listed in Table 7 . A gradually decreasing trend in Θ D is realized when Mo atom is replaced by the same group elements (V, Nb and Ta) in the periodic [57] . Ta 2 BC, therefore, can be used as promising TBC material. 
Conclusions
The theoretical calculations based on density functional theory have been performed on a series of metallic boro-carbides, M 2 BC (M = V, Nb, Mo and Ta) to study the structural, elastic, optical, thermodynamic and electronic properties along with charge density and Fermi surface topology. 
